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Collisionless shocks can be produced as a result of strong magnetic fields
in a plasma flow, and therefore are common in many astrophysical systems.
The Weibel instability is one candidate mechanism for the generation of suffi-
ciently strong fields to sustain a collisionless shock. Despite their crucial role in
astrophysical systems, observation of the magnetic fields produced by Weibel in-
stabilities in experiments has been challenging. Using a proton probe to directly
image electromagnetic fields, we present evidence of Weibel-generated magnetic
fields that grow in opposing, initially unmagnetized plasma flows from laser-
driven laboratory experiments. Three-dimensional particle-in-cell simulations
reveal that the instability efficiently extracts energy from the plasma flows,
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and that the self-generated magnetic energy reaches a few percent of the total
energy in the system. This result demonstrates an experimental platform suit-
able for the investigation of a wide range of astrophysical phenomena including
collisionless shock formation in supernova remnants, large-scale magnetic field
amplification, and the radiation signature from gamma-ray bursts.
The magnetic fields required for collisionless shock formation in astrophysi-
cal systems may either be initially present, for example in supernova remnants
or young galaxies [1], or they may be self-generated in systems like gamma-ray
bursts (GRBs) [2]. In the case of GRB outflows, the intense magnetic fields are
greater than those which can be seeded by the GRB progenitor or produced
by misaligned density and temperature gradients (the Biermann-battery effect)
[3, 4]. It has long been known that instabilities in can generate strong magnetic
fields, even in the absence of seed fields. Weibel considered the development
of an electromagnetic instability driven by the electron velocity anisotropy in a
background of resting ions [5]. The signature of the instability is a pattern of
current filaments stretched along the axis of symmetry of the electron motion.
The process is quite general, and subsequent work has shown that such instabil-
ities can be excited in both non-relativistic and relativistic shocks. This general
nature makes the Weibel instability common in astrophysical systems [6, 7, 8].
The instability provides a mechanism by which the electromagnetic turbulence
associated with the formation of collisionless shocks is fed by the flow anisotropy
of the protons (and ions) stochastically reflecting off of the shock [9, 10], and
leading ultimately to strong particle acceleration in GRB’s [11].
The importance of Weibel instabilities in astrophysical systems makes labo-
ratory experiments that can access the collisionless plasma regime particularly
compelling, though to date experiments have been limited to collisional systems
(where Weibel instability growth is limited by collisional dissipation [12]) or
those where the initial plasma conditions are not well characterized [13, 14].
Reaching the collisionless regime also permits the instability dynamics to be
described by dimensionless parameters and scaled between laboratory and as-
trophysical systems [34]. In the collisionless regime, the scaling is remarkably
simple and allows one to predict the parameters of the unstable modes and the
shocks (should they be formed) on the basis of laboratory measurements and
the astrophysical “input” parameters, the density and velocity of the flows.
In experiments performed at the Omega Laser Facility [16], we directly image
the magnetic fields associated with the Weibel instability in well-characterized,
counter-streaming plasma flows in the collisionless plasma regime [17]. The
flows were established by laser-ablation of opposing foils, as in Fig. 1. The
foils were oriented opposite each other and irradiated simultaneously, such that
the expanding plasma flows interacted near the midplane between the foils [18,
19, 20]. The plasma conditions in this geometry have been previously measured
under identical conditions with Thomson scattering [17]. When only a single foil
was used, the plasma flow velocity v was measured to be 1000 - 2000 km/s, with
an electron density (ne) ≈ 5×1018 cm−3 and an electron and ion temperature
(Te, Ti) less than 200 eV.
When two opposing foils are used, as in the present work, the plasma density
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in the counter-propagating flows grew by the anticipated factor of 2, while the
electron and ion temperatures rapidly increased due to a combination of colli-
sional electron heating and ion two-stream instability [19]. The ion instability
quickly stabilizes as the electron and the ion temperatures equilibrate, which
was observed to occur near 1 keV. The ions remain directed throughout the
process, allowing competing instabilities, including the Weibel, to grow from
the energy supplied by the flows [37].
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Figure 1: Experimental configuration to generate opposing plasma
flows probed by D3He protons. The experiment consists of a pair of (CH2)
plastic foils of diameter 2 mm and thickness 500 µm, oriented face-on and sep-
arated by 8 mm. Each was irradiated with 8 overlapped laser beams, delivering
≈4 kJ of 351 nm laser energy in a 1 ns square pulse. Distributed phase plates
were used to produce super-Gaussian laser spots with focal spot diameters of
250 µm on the target surface. After a delay, the proton probe was created by
laser-compressing a thin-walled SiO2 capsule. The capsule was filled with a 1:1
mixture of deuterium (D) and 3helium (3He) at a total pressure of 18 atm. At
peak compression (1023 cm−3) protons are produced quasi-isotropically at en-
ergies of 3.0 and 14.7 MeV. The protons were detected using a CR39 nuclear
track detector positioned on the midplane of the CH2 target foils, such that the
protons traverse the central interaction region as shown.
In our experiment, the presence of magnetic fields is detected using proton
imaging. An isotropically-emitting proton source is generated by implosion of
a capsule filled with D3He, producing protons at 3 MeV (from D-D reactions)
and at 14.7 MeV (from D - 3He reactions; see Supplementary Information for
additional details on proton imaging). The protons that pass through the plasma
interaction region are deflected by the electric and magnetic fields in the system,
and are recorded using CR39 nuclear track detector at a magnification of ≈ 30.
There are several important features in the proton radiography data, which was
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taken at three different times during the interaction of the flows, and is shown
on the top two rows of Fig. 2. First, oriented along the flow direction is a
pattern of filamentary structures, consistent with Weibel filamentation in the
counter-propagating flows. These features develop strongly between 3 and 4
ns after the start of the drive laser pulse and grow to lengths >1 mm along
the direction of the flow. The filamentary structure is clear in both 3.0 and
14.7 MeV proton images, and extend relatively uniformly for several mm across
the plasma flow, occupying a total volume of several mm3. The similarity in
the observed features and relative contrast between the 3 MeV and 14.7 MeV
radiographs indicate that proton deflections were produced by magnetic fields
(see Supplementary Information for additional discussion).
In addition to the filaments, horizontal “plate” features are seen near the
midplane of the drive plasmas. These large-scale magnetic features have been
observed in previous experiments with similar geometries [13, 18], and are un-
derstood to be the result of the initial Biermann battery-generated magnetic
fields [22]. These fields are created at the target surface during the laser abla-
tion and form a loop around the expanding plasma flow [23, 24]. The Biermann
fields are frozen in the flow, following the effective electron trajectory to the mid-
plane where the longitudinal electron velocity from the two flows is cancelled.
The magnetic fields cannot readily cross the midplane and expand transversely,
leading to the formation of characteristic plates [22]. Asymmetry between the
top and bottom plates in the data is related to slight non-uniformities in the
flows, including differences in laser energy deposition on the two foils and tilts
in their orientation relative to the proton probe.
In order to better understand both the Weibel and Biermann battery-generated
magnetic fields in the experiment we have conducted detailed 3-dimensional
particle-in-cell (3D PIC) simulations with the code OSIRIS [32, 33] to model,
from first principles, the counter-streaming plasma flows and the generation of
electromagnetic fields (Fig 4 a-b). The flows are initialized with the proper-
ties measured experimentally in the midplane region, namely each flow has ne
= 5×1018 cm−3, v = 1900 km/s, and Te = Ti = 1 keV. To include the ef-
fect of the Biermann battery, the flows were encircled by a large-scale magnetic
field consistent with the misaligned density and temperature gradients of the
flow, with an initial peak amplitude of 50 kGauss (see Ref. [18]). Additional
simulation details are found in the Supplementary Information section.
Within 1 ns of the opposing flows beginning to interact at the midpoint of
the simulation volume, magnetic filaments are generated via the Weibel insta-
bility (Fig. 4 b). Additionally, the magnitude of the toroidal magnetic field
related to the pre-imposed field doubles due to the conservation of magnetic
flux. These fields lead to a long-range order in the system, and generate a pair
of magnetic plates similar to those seen in the experiment (Fig. 2). The pres-
ence of the toroidal fields does not significantly alter the formation of the ion
Weibel instability, because the ions remain unmagnetized. This is supported
by simulations where, when the initial magnetic fields are not included, Weibel
filaments are still produced with the same structure.
To properly compare the PIC results with the experiment radiographs, we
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have simulated the proton imaging directly in the 3D OSIRIS simulations, to
generate proton images of the electric and magnetic fields in the system. We as-
sume an isotropic point source of 14.7 MeV protons located 1 cm from the center
of the simulation box. The diagnostic protons interact with the 3-dimensional
field structure during the simulation, and then are ballistically propagated to a
13 cm × 13 cm detector plane 30 cm from the source, matched to the imaging
system in the experiment.
The simulated proton radiographs are shown on the bottom row of Figure 2,
at the same times as the experimental data. To quantify the evolving structure
in the system the filament spacing was measured for all images. Shown in Fig.
4 d), the growth in the size of the Weibel features is seen to be nearly equal
for the measured and simulated images. The increasing filament size indicates
growing Weibel fields, and the efficiency of the instability to convert system ki-
netic energy into magnetic energy can be assessed directly from the simulations.
The magnetic energy associated with the instability is driven by the ion flows,
and goes mainly into the transverse component of the field. The amplitude of
the Weibel magnetic fields grows exponentially during the linear phase, with a
growth rate of ∼ 0.2 v/c× ωpi (where c is the speed of light and ωpi is the ion
plasma frequency), which is consistent with the linear theory of the instabil-
ity. The linear phase of the instability saturates after 1 - 1.5 ns of interaction
between the flows (i.e. after ∼2-3 e-foldings), though the field amplitude and
filament size continue to increase in the subsequent nonlinear phase. The signif-
icance of the magnetic energy in the system is quantified by the magnetization
parameter σ, defined as σ ' 〈B2〉 /4piminiv2, where the spatially-averaged field
is given by
〈
B2
〉
, and mi and ni represent the ion mass and density, respectively.
This ratio of magnetic energy to flow kinetic energy reaches nearly 1% by the
end of the experimental interaction time (approximately 5 ns in Fig. 4 c).
At times later than those probed in the experiment, the local magnetic field
strength peaks at 0.6 MG, which corresponds to σ = 5%. These high values
illustrate the efficiency of the Weibel instability in converting kinetic energy into
electromagnetic energy. At this amplitude the magnetic fields are large enough
to cause the deflection of the incoming flows and the randomization of their
kinetic energy. Furthermore, Weibel-mediated collisionless shocks are believed
to occur at this level of magnetization, provided that there is a sufficiently large
interpenetration distance, of the order of 300 c/ωpi [9]. This condition precludes
shock formation in the present experiment, where this length is only 55 c/ωpi;
however it should be observed with a similar setup if higher densities and/or
longer flows are generated.
The dimensionless magnetization parameter σ serves to connect experiments
to astrophysical systems, and can be directly applied to scaled systems of in-
terest [34]. For example, multiwavelength observations of afterglow emission
of GRBs suggest sub-equipartition levels of magnetic field in the region behind
the forward shock (σ ≈ 0.01 − 0.1) [27]. This field is likely generated near
a collisionless shock front, as the pre-shock interstellar medium is effectively
unmagnetized (σ ≈ 10−10). Our experiments imply that even non-relativistic
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Weibel instability in an initially unmagnetized medium is capable of generating
the percent-level magnetization observed in GRBs; collisions of relativistic flows
are likely to produce even stronger fields.
Supplementary Information
OMEGA Experimental Details
The experimental geometry consists of a pair of polyethylene (CH2) plastic foils
of diameter 2 mm and thickness 500 µm were oriented face-on, separated by
8 mm. Each was irradiated with 8 overlapped laser beams from the OMEGA
laser, delivering ≈4 kJ of 351 nm laser energy in a 1 ns square pulse. Distributed
phase plates were used to produce super-Gaussian laser spots with focal spot
diameters of 250 µm on the target surface. The expanding plasma plumes
interact at the midplane between the targets.
After a delay of 3 - 5 ns from the beginning of the drive pulse, the proton
probe was created by compressing a thin-walled SiO2 capsule with 18 beams,
delivering ≈9 kJ total laser energy. The capsule was filled with a 1:1 mixture
of deuterium (D) and 3helium (3He) at a total pressure of 18 atm. At peak
compression (1023 cm−3), protons are produced quasi-isotropically at 3.0 MeV
through DD reactions, and at 14.7 MeV through fusion of D and 3He [28, 29].
The details of proton imaging have been treated at length in literature (see [30]
and references therein), and proton probing has been used in numerous high-
energy-density experiments on OMEGA and elsewhere to image electric and
magnetic field structures (See [31] and references therein). The protons were
detected using CR39 nuclear track detector positioned on the midplane of the
CH2 target foils, such that the protons traverse the central interaction region
as shown in Fig. 1 of the main text.
3D OSIRIS Simulations
The PIC simulations presented here were done with the fully electromagnetic,
fully relativistic, and massively parallel code OSIRIS [32, 33]. The code solves
Maxwell’s equations directly, resolving all the relevant physics at the electron
and ion skin depth scales. The relativistic Lorentz force is used to calculate the
motion of the plasma particles, and relativistic expressions are used to derive the
charge and current densities from the positions and momenta of the particles.
Plasma electromagnetic and electrostatic instabilities arise in the simulations
from first principles, as the simulations use a fully kinetic model for the plasma
particles.
The simulation used to study the interaction between counter-streaming
plasma flows has a box size of 1.3 cm (90 c/ωpi) in each direction and ran for
a total of 6 ns (≈ 1.7× 104ω−1pi ). Each plasma flow is composed by an electron
and ion species (assumed to be fully ionized and modeled with mi/(Z × me)
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= 128). The numerical parameters were as follows: the 3D simulations used at
least 2 cells per electron skin depth, 22 cells per ion skin depth, and 2 particles
per cell per species, for a total of 70 billion particles. Due to the outstand-
ing computational requirements, the 3D simulation ran in 131,072 cores in the
supercomputer Mira (ANL). All simulations used cubic particle shapes, and cur-
rent and field smoothing with compensation for improved numerical properties.
Additional 2D simulations (not shown here) were done with higher resolution,
greater number of particles per cell, and realistic ion to electron mass ratio
(mi/(Z × me) = 2048), confirming overall result convergence consistent with
the 3D results and showing that the ion Weibel instability can be reasonably
scaled between systems with different mass ratios and (non-relativistic) flow ve-
locities [34]. Additional detailed analysis of the simulations performed will be
presented in a separate publication.
The simulated proton radiographs were obtained by launching a 14.7 MeV
proton beam transversely to the flow propagation direction. The proton dis-
tribution was initialized in OSIRIS following the distribution of an isotropic
point source located 1 cm away from the beginning of the simulation box, in
order to be consistent with our experimental setup. The protons probe the self-
consistent fields produced in the 3D simulation and exit on the opposite side
of the simulation box, being then propagated ballistically to a square detector
of 13 cm × 13 cm placed 30 cm away from the original point source, matching
the experimental magnification of 30×. The detector has 512 × 512 points, and
∼ 10 million probing protons are collected in each image.
Interpretation of field structure from proton radiographs
The interpretation of proton images from complex systems must take into ac-
count the susceptibility of protons to deflections by both electric and magnetic
fields. One can break the degeneracy between E and B fields is by comparing
the relative deflection of higher and lower energy protons [30, 35, 36]. The dis-
tinct proton populations produced by the D3He implosion lend themselves to
this method. For the respective fields E and B, the particle deflection σ is given
by:
θB =
q√
2mpEp
∫
B⊥dl (1)
θE =
q
2Ep
∫
E⊥dl. (2)
Thus, the ratio of deflection for 14.7 and 3 MeV protons expected from B-fields
is θDD/θD3He ∝
√
14.7/3 ≈ 2.2, while from E-fields one expects θDD/θD3He ∝
14.7/3 ≈ 4.9.
While the ratios above could in principle be directly measured, the complex,
3D structure of the system under investigation makes a quantitative comparison
between low and high-energy proton images difficult. However, the similarity
between the images from 3.0 and 14.7 MeV protons suggests deflection of the
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protons by magnetic fields. In particular, the same filaments can be co-registered
between the two images, at decreased contrast in the image from 3.0 MeV pro-
tons. This is consistent with deflection from magnetic fields; were the deflection
of the lower-energy protons 4.9× greater than the high-energy particles, the
protons deflected by the small-scale filaments that are clear in the D3He image
would be more diffuse in the DD image. Similarly, were the horizontal “plates”
the result of electric fields, the difference in the position and contrast between
the two proton energies would be larger, closer to 4.9×, which is not seen in the
data.
The implementation of the toroidal Biermann-like fields into the 3D PIC
simulations has been described in the main text; we comment here on the effect
of these fields on the Weibel filaments that are the focus of this work. It is
important to note that in the experiment, the Biermann battery and Weibel-
generated fields are effectively independent of each other. The Biermann fields
are the result of gradients in density and temperature (B˙ ∝ ∇Te×∇ne), which
arise naturally in the ablated plasma flows. However, these fields are strongest
near the surface of the targets where the transverse gradients are largest, and
are zero on-axis, where the Weibel instability mediated fields are strongest. In
addition to this spatial separation, the Biermann battery and Weibel modes
are also clearly separated in k-space, inhibiting efficient coupling between the
two. The presence of the large-scale structure (the horizontal “plates”) in the
proton radiographs is related to this difference in scales–the large spatial extent
of the Biermann fields generates a sizable proton deflection (related to
∫
B ·dL),
despite their relatively low field strength.
Analytic treatment of growing modes
To assess the susceptibility of the plasma in our experiment to Weibel growth,
we have performed a linear stability analysis based on the collisionless Vlasov
equation [37]. Using the same techniques as previous studies [38, 39], we arrived
at the dispersion relation properly accounting for the chemical composition of
the target. Such a description is necessary for multi-species plasmas, including
the present system consisting of carbon and hydrogen. The results of this anal-
ysis show that the linear growth rate for a plasma with temperature of ∼1 keV,
as measured in the system of interest, is sufficient for Wiebel filaments to reach
a well-developed state during the first 1-2 ns of interaction between the plasma
flows (3 - 4 ns after the initial laser drive). This agrees well with the growth
observed in both experiment and simulation.
The linear dispersion relation for the filamentation instability driven by
counter-streaming ion flows has been considered in a number of papers. The
most relevant for our analysis are Refs.[38, 39]. In our experiment, we need to
consistently account for the presence of multiple ion species; the presence of the
light ions leads to an enhancement in the stabilizing effect of a finite ion temper-
ature. For the electromagnetic Weibel mode propagating perpendicularly with
8
respect to the flow direction, the dispersion relation reads as:
k2xc
2 +
ω2pe
1 + |k|Γ
√
2Te
pime
+ ω2pi
∑
Cα
[
G1
(
Γ2Aαmp
2k2Tα
)
− k
2
xv
2
Γ2
G2
(
Γ2Aαmp
2k2Tα
)]
= 0,
(3)
Here c is the speed of light and k is the wave number perpendicular to the flow
direction. The flow velocity is v, subscript “e” refers to the electron parameters,
the subscript “α” refers to the parameters of a certain ion species. We consider
symmetric flows for which the unstable mode is the mode of an exponential
growth. It is assumed that the electron thermal velocity exceeds the flow veloc-
ity, a condition that usually holds by a very large margin both in the laboratory
and non-relativistic astrophysics. The growth rate is denoted by Γ, and G1 and
G2 are dimensionless functions defined for y > 0 as
G1(y) =
1√
pi
∫ +∞
−∞
ye−x
2
x2 + y
dx; (4)
G2(y) =
2y√
pi
∫ +∞
−∞
x2e−x
2
x2 + y
dx. (5)
Additionally, one has
ω2pi =
4pie2
mp
∑
α
Z2α
Aα
nα, (6)
ω2pe =
4pie2
me
∑
α
nα, and (7)
CZ =
nαZ
2
α/Aα∑
α
nαZ2α/Aα
. (8)
Here me and mp are the electron and proton mass, Zα, Aα and nα are the
charge, the atomic number and the particle density of the ion species α.
By introducing dimensionless units for the wave number and growth rate,
Γ˜ = Γ
c
vωpi
(9)
k˜ = kx
c
ωpi
. (10)
one can recast the dispersion relation to the dimensionless form:
k˜2 +
a1
1 +
√
a2
pi
|k˜|
Γ˜
+
∑
CZ
[
G1
(
a3αΓ˜
2
k˜2
)
− k˜
2
Γ˜2
G2
(
a3αΓ˜
2
k˜2
)]
= 0, (11)
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where
a1 =
ω2pe
ω2pi
, (12)
a2 =
2Te
mev2
, and (13)
a3α =
2Tα
Aαmpv2
. (14)
This form allows one to more readily compare the results of simulations and
experiments between systems, including astrophysical systems. The character-
istic dispersion curves for the conditions of the OMEGA experiment are shown
in Fig. 4.
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Experimental proton radiographs from 14.7 MeV (D3He) protons 
3.2 ns 4.2 ns 5.2 ns 
Synthetic proton radiographs from 14.7 MeV protons 
3.4 ns 4.4 ns 5.4 ns 
Experimental proton radiographs from 3.0 MeV (DD) protons 
1 mm 
Figure 2: Experimental images and synthetic radiographs of magnetic
field structures. Experimental proton images are shown from 3.0 MeV DD
protons (top row), 14.7 MeV D3He protons (middle row), and synthetic 14.7
MeV proton tracing from 3D particle-in-cell (PIC) simulations (bottom row).
In each case the plasma flows enter the frame from the top and bottom. The
small timing difference between DD and D3He images is due to the proton
time of flight from the capsule to the plasma interaction region. At early time
(approximately 3 ns after the drive begins), only initial traces of filamentation
are observed. At later times the filaments become more coherent and increase
in extent along the flow direction. In each case extended magnetic “plates” are
formed above and below the midplane as a result of the large-scale Biermann
battery fields generated in the laser ablation process [22]. All images are 3 mm
in diameter in the target plane.
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Figure 3: Temporal evolution of magnetic field magnitude from sim-
ulation and field structure from experimental images. a) 3D OSIRIS
simulation of the system after 1 ns of interaction between the counter-streaming
1900 km/s plasma flows (approximately 3 ns after the experimental drive laser
pulse; flows enter from top and bottom). Magnetic fields are shown qualitatively
in the blue/red color scale, with electron density in orange. b) Magnetic field
slice (transverse magnetic field component By) along the y-axis midplane, at
the same time, illustrating the presence of strong filaments associated with the
Weibel instability. c) Plasma magnetization σ as a function of time. When the
flows are initiated with zero initial magnetic field (dashed lines) the magneti-
zations remains at zero until the flows begin interacting, between 2 and 3 ns.
When initial toroidal fields are included consistent with the Biermann battery
mechanism, the perpendicular magnetization is ∼ 0.1% before the flows interact
(solid colored lines). In both cases the magnetic energy associated with Weibel
instability increases sharply after the flows interact, increasing σ by a factor
greater than 10 in several ns. The magnetization due to the ion Weibel instabil-
ity, growing at the theoretical linear growth rate is shown in solid black. This
calculation shows that the Weibel-generated magnetization becomes the domi-
nant contribution to the overall magnetization of the system. d) Measurement
of the mean separation between filaments in experimental proton radiographs
(red) and synthetic proton images from 3D PIC simulations (blue). The fila-
ment spacing approximately doubles over the 2 ns of observation. Note that
time is experimental time, measured with respect to the beginning of the drive
laser.
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Figure 4: The linear Weibel growth rate Γ˜ vs the wave number k˜. The green,
magenta, blue, and red curves correspond to CH2 flows at electron and ion
temperatures of 0.1 keV (green), 0.5 keV (magenta), 1 keV (blue) and 2 keV
(red). The maximum growth rate for the electron density of 1019 cm−3 in the
CH2 plasma is 0.5× 1010 s−1 for blue curve. The dashed blue curve is for pure
carbon at Te = Ti = 1 keV, so that the difference between the solid and dashed
blue curves is a manifestation of stabilization by the light ions. The black curve
is a reference growth rate Γ = kvωpi/
√
k2c2 + ω2pi. Finally, the inset plot shows
the magnetic field mode distribution from simulations. Here kx is transverse to
the flow and measured after 2 ns of flow interaction, showing a range of unstable
modes observed consistent with theoretical analysis.
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